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Abstract 
A test cryostat has been constructed to study thermal batteries. Solid nitrogen, used as a thermal battery, may be used 
as a temporary portable cooling system or a heat absorber for a superconducting fault current limiter system. The 
nitrogen was solidified via different cooling profiles. The performance of thermal batteries was determined by 
subjecting them to transient thermal events. It was found that slowly formed solid nitrogen performed best, by 
returning to operating temperature faster. The thermal contact degradation due to ‘dry-out’ was identified as a 
significant problem after a number of successive pulses when using rapidly formed solid nitrogen, yet did not present 
itself in slowly formed solid nitrogen, within experimental range. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and Peter Kes. 
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1. Introduction 
Nitrogen is an abundant element, which is inexpensive and environmental friendly. As a cryogen, it is 
normally used in liquid phase below 77 K. A superconducting system, such as an electromagnet [1] or 
SQUID magnetometer [2], performance improves at colder operational temperatures; hence it is 
advantageous to operate at solid nitrogen (SN2) temperatures less than 63.15 K, the freezing point of 
nitrogen. Due to SN2 high latent heat of fusion, working in this regime will naturally improve the overall 
system’s thermal stability and thus acts as a thermal battery, also known as a heat capacitor. Thermal 
batteries may enable some superconductor system to be portable [3].  
 
Another potential use of nitrogen is as a heat absorber, especially when superconducting fault current 
limiters (SFCL) undergo fault conditions and the superconductor quenches returning to a normal resistive 
state. In practice SFCL do not heat uniformly. Due to non-homogeneities, ‘hot spots’ develop and the 
temperature of these regions can rise rapidly [4]. The occurrence of hot spots raises the importance of 
dealing with the heat generated during a fault because they increase the probability of damage to the 
superconductor and its supporting materials. The question arises as to whether, should liquid or solid 
nitrogen be employed as a heat capacitor? Liquid cryogens are vaporised when heated above the boiling 
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point and the expansion ratio is a crucial consideration. Liquid nitrogen’s expansion ratio on boiling is 
1:694 and could lead to the containment vessel exploding if it is not equipped with pressure release valves 
[5], hence SN2 seems to be a logical choice, there is also the benefit of latent heat of fusion for heat 
absorption. It is important for the SN2 to be in good contact with the superconducting material in order to 
improve heat conductivity. This study investigates the thermal stability of two solidification methods, 
rapid formed by pumping on the liquid nitrogen and slow cooled with a cryo-cooler. 
2. Experimental Apparatus 
Fig. 1 shows the experimental arrangement used. The arrangement consisted of (a) a copper ‘bucket’ (Ԅ  = 
70 mm, height = 90 mm), which was cooled down by a GM cryocooler and housed in a vacuum chamber, 
and (b) a pulse resistor and a temperature sensor array. The pulse resistor and array fitted in the ‘bucket’ 
in a vertical manner. Liquid nitrogen was transferred to the bucket via an inlet pipe. The outlet pipe was 
used to pump on the liquid nitrogen when required. The bucket was sealed closed from the vacuum 
system with a ConFlatTM flange seal. 
   
  
(a) 
 
 
  
(1) Resistor,  (2) Not used 
(3) Bottom, (4) Middle (5) Top 
 
(b) 
Fig. 1. Experimental arrangement (a) copper ‘bucket’ with conduction bar; (b) arrangement of pulse resistor and 
thermometer array, which fits into copper bucket 
The array consisted of four calibrated thin-film platinum PT100 resistance thermometers, which were 
used to monitor the temperature of four locations based around the heat source, as shown in Fig. 1(b).  
The thermal response time of a PT100 is dependent on the heat capacity of the sensor. Since specific heat 
capacity decreases as a function of temperature, the thermal response time also reduces with temperature. 
The nature of the thermal disturbance measurements to be carried out requires that the response time of 
the temperature sensor be small, and hence the requirement for a small heat capacity.  The thermal 
response time for a PT100 was measured experimentally by subjecting the sensor to transient thermal 
conditions and was determined to be approximately 15 ms at 77 K compared to 3 s at 300 K. Nichrome 
heater wire, not shown in Fig. 1, was wrapped around the lower section of the copper ‘bucket’ and used to 
control the temperature of the experimental stage. It was positioned close to a temperature sensor, a 
calibrated PT100, which was mounted in the hole on the bucket ‘lip’.  
 
A variac was used to control the voltage across a step down transformer (ratio 14:1) which in turn set a 
voltage across the resistor. The resistor was used to simulate the normal state of a superconductor. In this 
cold finger 
copper bucket 
conduction bar and clamp 
liquid nitrogen inlet/outlet pipes 
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experiment pulsed power up to 50 WRMS was used. Fault pulses were software configurable with a 
duration from 50 ms to 12 s. Solid state relays, used for switching, were Siemens 3RF2350-3AA02 and 
trigged at zero crossings. 
3. Experimental Procedure 
In order to compare the effect of different cooling rates on the solidification of liquid nitrogen, the 
following two metrics were used; the recovery time and change in temperature of the resistor. Both are 
important for the effectiveness of the thermal battery and it is desirable that both of metrics are small. 
  
Filling the bucket is done using the inlet pipe system. The upper inlet pipe is connected to a liquid 
nitrogen dewar. The lower outlet pipe is connected to a rotary pump and the pumping rate of the rotary 
pump was adjusted. The bucket is pre-cooled to 70 K for each experiment run before filling with liquid 
nitrogen. Once the filling process begins, the quantity of liquid nitrogen in the supply dewar is visually 
monitored. The volume of the bucket is 71 ml, and it is regarded as being full once the dewar’s volume is 
reduced by 500 ml.  
 
To form SN2 slowly (large crystal size), a cryocooler and Lake Shore 336 Temperature Controller is used. 
Once the liquid nitrogen is introduced, the bucket is cooled to 60 K at a rate of 0.1 K/min. At 63.15 K the 
nitrogen starts to solidify. Pumping on the liquid nitrogen is used to form SN2 rapidly (with a small 
crystal size). The experimentation must be done quickly as the quantity of SN2 in the bucket is reduced 
over time as it sublimes. Once the bucket was precooled to 70 K the liquid nitrogen is introduced to the 
bucket. The crycooler was set to cool the bucket at 60 K while the liquid was pumped on to form solid 
phase. 
4. Results and Discussion 
Fig. 2 shows the controlled cooling for SN2; (a) slow cooled, the SN2 is first cooled to, and held, at 66 K 
for 15 minutes, then cooled to 60 K at a rate of -0.1 K/min, and (b) fast cooled (-1.99K/min) between 64 
K and 62 K.   
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(b) 
Fig. 2. Time vs. Temperature of experimental stage showing cooling rate for (a) slow cooled and (b) fast cool SN2 
Fig. 3 (a)Fig. 3. shows the temperature response of the resistor to a single 1 s pulse versus power. The 
thermal stability which the slowly cooled SN2 solid nitrogen provides can be noted in the first few 
seconds after the pulse with the rapid drop in temperature. Fig. 3 (b) shows a comparison between the 
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thermal responses of solid nitrogen at two different solid nitrogen formation rates, slow and fast, when 
subjected to a 1.9 W pulse of 1 s duration. Fig. 3 (b) shows slowly cooled SN2 stabilizes the temperature 
of the resistor much faster and implies a better thermal contact between it and the solid nitrogen when 
compared to the fast cooled SN2. 
 
 
(a) 
 
(b) 
Fig. 3. Time vs. Resistor Temperature response of SN2, (a) varying power for a 1s pulse for slowly formed, and (b) a comparison of 
the two different cooling rates for 1.9 W pulse of 1 s duration 
 
Fig. 4 shows temperature variation due to transient heating as it affected the whole thermal battery after it 
was subjected to a 30 W pulse of 1 s duration. The plot gives the temperature of several locations on the 
probe. The temperature of the resistor (thermometer 1) stabilizes in 2 s, after which the temperatures 
across the thermal battery are equal. Once the temperatures are equal the time it takes to recover to 60 K 
is dependent on the cryocooler and available cooling power at this temperature. It can be seen that the 
temperature of the resistor exceeds the melting point of solid nitrogen (Tm = 63.15 K) and it is likely that 
repetitive pulses of this power and/or duration would probably lead to ‘dry-out’. This phenomenon refers 
to the degradation of thermal contact between the solid nitrogen and sample (resistor) [1]. 
 
Fig. 4. Time vs. Temperature response of resistor for 30 W pulse of 1s duration for slowly formed SN2 
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The slowly formed solid nitrogen used for the dry-out experimentation was cooled at an average rate of -
0.026 K/min between 63.5 K and 60.3 K. Fig. 5 shows temperature response of the resistor using slow 
formed SN2 after being subjected to 13 pulses of 17 W and 1 s duration. The change in temperature for 
each pulse is relatively consistent, but the recovery time gradually increases after each successive pulse. 
This increase in recovery time was not observed for a 1.9 W experiment. 
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Fig. 5. Time vs. Temperature of the resistor for 1.9 W pulses of 1 s duration, slowly formed SN2 
 
Fig. 6 shows the fast cooled SN2 temperature response of the resistor when subjected to 1.9 W pulses of 1 
s duration. The response worsens after each pulse, with the change in temperature (ΔT) and response time 
increasing.  
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Fig. 6. Time vs. Temperature for 1.9 W pulses of 1 s duration, fast cooled SN2 
 
Fig. 7 (a) and Fig. 7(b) compare the change in temperature and recovery time for slow cooled SN2 with 
different pulse powers.  It is interesting to note the dip in both recovery time and change in temperature 
towards the end of the set of pulses on both figures. The reason for this is not clear from the data obtained 
and additional experiments are required to clarify the cause. The decrease in change in temperature and 
recovery time especially in the 17 W 10 pulse experiment onwards, could be explained by SN2 melting 
and then the liquid pooling in certain regions and then refreezing and hence improving thermal contact.  
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Fig. 7 (a) Pulse number vs. Δ Temperature, and (b) Pulse number vs. Recovery Time for 17 W and 1.9 W pulses for slow cooled 
SN2 
5. Conclusion 
The thermal response of slowly formed solid nitrogen during transient heating pulses stabilises the 
resistor temperature much quicker than using solid nitrogen formed at a faster rate.  Dry-out was an issue 
when the solid nitrogen was formed quickly with both the change in temperature and recovery time rising 
rapidly after each successive pulse. It did not seem to be present when SN2 was formed slowly when 
subjected to a series of pulses between 1.9 W and 17 W. If the decrease trend observed for the recovery 
time of solid nitrogen pulse experiments is linked with melting of SN2 then this could be an important 
indicator of an eventual onset of ‘dry-out’. The set of experiments presented show a dependence of 
thermal contact resistance on formation rate for solid nitrogen. 
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